PROCESS AND DEVICE FOR EVALUATING A CMOS LOGICAL CELL 



Field of the Invention 
[0001] The present invention relates to the field 

of CMOS logical circuits manufactured in partially 

depleted silicon-on-insulator technology (PD-SOI: 

Partially Depleted Silicon-on-Insulator ) , and more 

particularly, to the evaluation or characterization of 

these circuits, in terms of time delay, for example. 

Background of the Invention 
[0002] In recent years SOI technology (Silicon On 

Insulator) has proven to be a particularly interesting 
alternative to classic CMOS technology carried out on 
solid silicon. More particularly, the so-called effects 
of "floating substrate", well known to the skilled 
artisan, and the reduction in joining capacities are 
the main causes of improved performances contributed by 
this SOI technology. On the contrary, the floating 
substrate does have disadvantages. 
[0003] One such disadvantage is the effect of 
hysteresis of the threshold voltage of a transistor, 
which is translated by variations in time delay, that 
is, variations in the propagation time of a signal 
between the input and the output of a logical cell 
incorporating such transistors, for example an 
inverter. Partially depleted silicon-on-insulator 
technology introduces a "time" dependence of delays, 
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such that the same structure can have different delays 
from cycle to cycle when it is rated by a clock signal. 
A method for initializing the voltage of the floating 
substrate is generally used in the design of SOI 
circuits and error tolerances are utilized to take 
these time constraints into account. However , such an 
approach can lead to overestimating or underestimating 
the performance of the structure. 

[0004] Furthermore, not only delays in worst-case 

scenarios but also delays in best-case scenarios must 
be known, especially for problems of synchronization 
into account. However, both the worst cases and the 
best cases are difficult to identify since the 
parameters of design process such as current gain, 
input slope, charge, feed and temperature, play a key 
role. And, the variable nature of the threshold 
voltages in PD-SOI technologies is such that 
propagation of a given transition between the input and 
output of a logical cell leads to a different delay 
according to what is found in static balance conditions 
(DC) or else if a state of dynamic equilibrium (AC 
"steady state") has been attained. And, it may prove 
impossible in practice to characterize a logical cell 
by exhaustive simulations since several thousand 
cycles, thus several hours of simulation, are necessary 
to reach dynamic equilibrium even for simple inverter- 
type cells. The characterization of a much more complex 
cell cannot be done with such an approach. 

Summary of the Invention 
[0005] An object of the invention is to provide a 
method and device for rapid evaluation of time delays 
of a logic cell in the dynamic equilibrium state, as 
well as rapid evaluation of delays in best-case and 
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worst-case scenarios, even for complex cells. 
[0006] The invention therefore provides a process 
for evaluating/characterizing a logical CMOS cell to be 
produced in partially depleted silicon-on-insulator 
technology. This process comprises modeling the cell, 
for example by using a transistor model of type 
BSIM3S0I, and a phase for determining internal 
potentials (or potentials of floating substrates) of 
the transistors of the cell. This determination phase 
is based on operational simulation of the modeled cell 
utilizing a binary stimulation signal. In this 
determination phase, the floating substrate of each 
transistor and the cell, and at predetermined 
successive instants of injection, is injected with a 
charge proportional to the variation of the internal 
potential of this transistor, a variation determined 
during a predetermined time interval of the stimulation 
signal preceding the current instant of injection and 
exempt from injection, so as to accelerate the charge 
or the discharge of the floating substrate of the 
transistor. The charge is injected for example by 
injecting a current. Of course, the injected charge can 
be positive or negative, allowing the floating 
substrate of a transistor to be discharged or charged. 
[0007] According to an embodiment of the invention, 
the injection current is determined such that, after 
injection, the variation in internal potential of the 
transistor in question reaches n times the measured 
variation of the internal potential. The value of n is 
determined for example from measuring the variation of 
the internal potential of a transistor of the cell, for 
example during a first cycle of the stimulation signal, 
and from the estimated amplitude of the variation of 
the internal potential of this transistor between its 
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state of static equilibrium and its state of dynamic 
equilibrium. 

[0008] According to an embodiment of the invention, 
in which the stimulation signal comprises a transition 
separating two plateaus in each period, an injection 
instant is generally found at a point where the 
internal potential of the transistor is relatively 
stable- By way of example, an injection instant can be 
located during a plateau and at a transition distance. 
The injection duration of the current is then 
advantageously selected greater than the time pitch of 
the operational simulation and less than the duration 
of a plateau. 

[0009] According to an embodiment of the invention, 
two consecutive injection instants can be spaced by a 
duration equal to two periods of the stimulation 
signal. The time interval then has a duration equal to 
a period of the stimulation signal. In such a 
variation, the cell thus sees the equivalent of 1+n 
impulses of the stimulation signal over the course of 
two simulation periods, resulting in an acceleration 
factor equal to (l+n)/2. 

[0010] To ensure that the predetermined time 
interval, during which the variation of the internal 
potential of the transistor will be calculated, is 
exempt from injection, an instant which precedes the 
injection instant of 1.5 periods of the stimulation 
signal can be taken as the initial instant of the time 
interval. In addition, the final instant of this time 
interval can be taken as being the instant preceding 
the injection instant of 0.5 period of the stimulation 
signal . 

[0011] According to an embodiment of the invention, 
for operational simulation, each transistor of the cell 
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is replaced by a model of this transistor linked to 
three modeled voltage-controlled voltage sources, 
enabling determination of an internal potential target 
of the transistor to be reached after injection. Also, 
the transistor is likewise linked to a modeled current 
source supplying the injection current proportional to 
the difference between the internal potential target 
and the internal potential at the injection instant. 
[0012] Thus, for example, the first source of 
voltage supplied at the injection instant, the value of 
the internal potential of the transistor delayed by a 
period of the stimulation signal. The second source of 
voltage supplies the variation of internal potential 
over a period, delayed by a half-period of the 
stimulation signal. And the third source voltage 
supplies the internal potential target. 
[0013] The invention thus determines, for example, 
evolution of the internal potentials of the transistors 
of the cell but also the evolution of the time delays, 
or again evolution of other characterization parameters 
such as consumption or fault current, from the state of 
static equilibrium to the dynamic equilibrium state, 
relative to the rising and falling transitions of the 
stimulation signal, and for the two initial values of 
the stimulation signal. From this can be deduced the 
worst cases or the best cases for these parameters. 
This direct determination, in particular of the worst 
cases of time delays, constitutes a considerable 
advantage of the method. 

[0014] An object of the invention is also a device 
for characterizing a CMOS logical cell being created in 
a partially depleted silicon-on-insulator technology. 
This device includes means/unit for modeling the cell 
and processing means/unit suitable for effecting a 
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determination phase of the internal potentials of the 
cell based on operational simulation of the modeled 
cell utilizing a periodic binary stimulation signal. In 
this determination phase the processing means are 
suitable for injecting into the floating substrate of 
each transistor of the cell, and at predetermined 
successive injection instants, a charge proportional to 
the variation of the internal potential of this 
transistor determined during a predetermined time 
interval of a stimulation signal preceding the current 
injection instant and exempt from injection, to 
accelerate the charge or discharge of the floating 
substrate of a transistor. 

[0015] According to an embodiment of the invention, 
the processing means determine the injection current 
such that after injection the variation in internal 
potential of the transistor in question reaches n times 
the measured variation of the internal potential. 
According to an embodiment of the invention, the 
processing means determine the value of n from 
measuring the variation of the internal potential of a 
transistor of the cell and an estimated amplitude of 
the variation of the internal potential of this 
transistor between its state of static equilibrium and 
its state of dynamic equilibrium. 

[0016] According to an embodiment of the invention, 
the modeling means comprise for each transistor of the 
cell a model of this transistor linked to three modeled 
sources of voltage controlled in voltage, allowing an 
internal potential target of the transistor to be 
reached after injection to be determined, and to a 
modeled source of current supplying the injection 
current proportional to the difference between the 
internal potential target and the internal potential at 
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the instant of injection. 

[0017] The processing means are also advantageously 
suitable for determining the evolution of the internal 
potentials of the transistors of the cell from the 
static equilibrium state to the dynamic equilibrium 
state, relative to the rising and falling transitions 
of the stimulation signal and for the two initial 
values of the stimulation signal, and are suitable for 
deducing the internal potentials of the transistors 
corresponding to the worst case or best case of the 
time delay of the cell. 

[0018] The processing means can also be suitable for 
determining the evolution of the different time delays 
of the cell, and for determining the time delay 
corresponding to the worst case or the best case. The 
processing means can also be suitable for determining 
the evolution of other characterization parameters of 
the cell. 

Brief Description of the Drawings 
[0019] Other advantages and characteristics of the 
invention will emerge from an examination of the 
detailed description of the non-limiting embodiment and 
attached diagrams, in which: 

[0020] Figure 1 is a schematic cross-sectional view 
illustrating a transistor made by partially depleted 
silicon-on- insula tor technology. 

[0021] Figure 2 is a schematic diagram illustrating 

the evolution of the internal potentials of an NMOS 
transistor of an inverter after one, then two 
transitions of two stimulation signals respectively 
having two different initial logic values. 
[0022] Figure 3 is a schematic diagram illustrating 

time evolution curves of delays. 
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[0023] Figure 4 is a diagram illustrating three 
possible time evolutions of propagation delays in a 
logical cell. 

[0024] Figure 5 is a schematic block diagram 

illustrating an embodiment of a device according to the 
present invention . 

[0025] Figures 6 to 9 are diagrams showing different 
curves illustrating an embodiment of the process 
according to the present invention. 

[0026] Figure 10 is a diagram illustrating a second 

embodiment of a process according to the present 
invention, in which the process includes injections at 
each cycle of the stimulation signal. 

Detailed Description of the Preferred Embodiments 
[0027] In Figure 1 the reference T designates an 

NMOS transistor made on a SB silicon substrate resting 
on an 0X1 insulating layer. This 0X1 insulating layer 
itself rests on an SBO carrier substrate. This 
structure is typical of a so-called SOI structure well 
known to those skilled in the art. When the thickness 
of the SB substrate is sufficiently significant, for 
example typically greater than 50 nanometers, the SB 
substrate is of the partially depleted type. 
[0028] In such a transistor, there is a neutral zone 

B located under the depleted region and between the 
source and drain regions. This neutral zone, which will 
collect holes, is not connected to a fixed potential. 
This then becomes a floating substrate zone. Of course, 
apart from this floating substrate zone, the transistor 
conventionally comprises source zone S, drain D and 
gate G which is insulated from the SB substrate by an 
OXG gate oxide . 

[0029] The variations of the internal potential Vb 
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of the transistor T, that is, the potential of the 
floating substrate B, are caused especially by the 
capacitive coupling of source/gate/drain as well as by 
impact ionization, generation/recombination effects and 
grid tunnel effects. These variations of internal 
potentials especially result in variations of the 
threshold voltage and variations of fault currents and 
saturation of the transistor. 

[0030] Moreover, the structures in partially 
depleted SOI technology have historical effects which 
translate in particular by time dependence of delays. 
More precisely, the recent history of an input terminal 
has an impact on performance. This is illustrated in 
particular in Figure 2 in the case of an inverter IV 
having an input A and an output Z. 

[0031] In this figure, the curve CI illustrates the 
evolution of the internal potential of the NMOS 
transistor of the inverter in response to a binary 
stimulation signal STO having the logical value 0 as 
its initial value. The curve C2 illustrates the same 
evolution of the internal potential of the NMOS 
transistor of the inverter in response to a stimulation 
signal STI having the logical value 1 as its initial 
value . 

[0032] To observe the first occurrence of the 

transition 0/1, and the second occurrence of the 
transition 0/1, it is necessary to use the two 
stimulation signals STO and STI. The same applies for 
observing the first occurrence of the transition 1/0 
and the second occurrence of the transition 1/0. It is 
observed at the output Z, in SOI technology, as is 
solid silicon technology, that the rising times are 
different to the falling times. However, in SOI 
technology, the first occurrence and the second 
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occurrence of the same transition do not result in the 
same internal potentials and consequently do not 
present the same time delays. This is due to the 
variations in potential of the neutral zone B which has 
different values according to whether it is in a state 
of static equilibrium (situation A) or whether it has 
undergone recent transition and whether it has had time 
to regain a state of equilibrium (situation B) . 
[0033] The dynamic equilibrium ("steady state") may 
be defined as the point of operation where the internal 
potential of the transistors no longer varies between 
two successive transitions of the stimulation signal, 
that is, where the variation in charge is zero in the 
neutral zone B. In this state the charges entering the 
neutral zone (via the fault current of the inversely 
polarized neutral junction zone/drain, via an impact 
ionization phenomenon, and via the grid tunnel current) 
are equal to the charges exiting via the junction of 
neutral zone/source, now conductive. 

[0034] If a large number of pulses is sent to the on 

input of a logical cell, for example an inverter, by 
using the stimulation signal ST1 which starts off from 
the logical condition 1, then the stimulation signal 
ST0 which starts from the logical condition 0, it is 
noticed (Figure 3) that the delays correspond to the 
first and second occurrences of the same transition 
converge (curve CR1 and CR2 on one hand and CR3 and CR4 
on the other) . Two different states of dynamic 
equilibrium for the two stimulation signals are 
obtained, that is, for the different initial logical 
values. Similarly, the four time delays corresponding 
respectively to the first and second occurrences of the 
transition 1/0 and to the first and second occurrences 
of the transition 0/1, are different. 
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[0035] It is thus advisable to determine them, in 
the same way as the time delays corresponding to the 
two states of dynamic equilibrium, so as to be able to 
determine the time delay in the worst and best case 
scenarios. In fact, in partially depleted SOI 
technology, the worst-case (or best-case) time delay 
can be, as shown in Figure 4, for a given stimulation 
signal (that is, having a given initial logical value) , 
during the first occurrence of a transition (first 
case) or else in the state of dynamic equilibrium 
(second case) or else anywhere between the two (third 
case) . In theory, the dynamic equilibrium state is 
attained after several hundred thousand pulses on the 
input of the door in question, representing a 
simulation time of the order of several hours for a 
simple inverter and is consequently impossible to 
simulate for a more complex cell. 

[0036] The invention effectively resolves this 
problem and in particular very rapidly determines the 
internal potentials of the transistors of a logical 
cell in their state of dynamic equilibrium. In this 
respect, MDL modeling means/unit of the cell are 
provided for characterizing a logical cell, for example 
utilizing a transistor model of the partially depleted 
BSIM3S0I type, available through the Internet site of 
the University of Berkeley (USA) or else a model of the 
type SOISPICE, available from the University of Florida 
(USA) , and MT processing means/unit (Figure 5) suitable 
for effecting a determination phase of the internal 
potentials Vb of the transistors of the cell. 
[0037] In general, in the determination phase of 

these internal potentials the floating substrate of 
each transistor of the cell, and at predetermined 
successive instants of injection, is injected with a 



12 



charge proportional to the variation of the internal 
potential of this transistor determined over the course 
of the predetermined time interval of the stimulation 
signal preceding the current injection instant or 
exempt from injection, so as to accelerate the charge 
or discharge of the floating substrate of the 
transistor. 

[0038] In Figure 6 the stimulation signal ST (or 

Vin) is a periodic binary signal of period P 
successively taking the values 0 and 1. In this 
embodiment the instants of injection of the current tj 
are separated by an interval equal to two periods of 
the stimulation signal. Furthermore, each injection 
instant happens during a plateau of the stimulation 
signal ST, for example substantially in the middle of 
the low plateau. The calculation time interval TC of 
the variation of an internal potential of each 
transistor of the cell must not contain any injection 
instant. As a consequence, in the example illustrated 
in Figure 6, the time interval TC starts at the initial 
instant tO preceding the injection instant tj of the 
three half -periods P of the stimulation signal. 
[0039] This interval TC terminates at the instant tf 
preceding the injection instant of a half -period of 
the stimulation signal. In other words, in the example 
illustrated here, during a first interval of the input 
signal ST, the variation of the potential of the 
floating substrate of each transistor is evaluated. 
During the following interval, a current is injected 
into the floating substrates of the transistors until 
their variation in potential reaches n times the 
calculated variation of internal potential. Therefore, 
the circuit sees the equivalent of (1 + n) pulses of 
the stimulation signal during a period equal to two 
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periods of the stimulation signal, resulting in an 
acceleration factor equal to (1 + n)/2. This process 
is autoconverging since the variation of the internal 
potential in the state of dynamic equilibrium is zero. 
[0040] An embodiment of the process includes 
replacing each transistor of the logical cell by a sub- 
circuit containing a transistor model, for example a 
BSIM3 model, linked to three modeled voltage-controlled 
voltage sources and to a modeled voltage-controlled 
source of current. The first source of current supplies 
the internal potential of the transistor delayed by a 
period P of the stimulation signal, (formula I below) : 

Vb' (t) = Vb(t-P) (I) 

[0041] The second source of voltage supplies the 
variation of an internal potential of the transistor 
over a period, and delayed by a half-period (formula II 
below) 

AVb(t) = Vb(t-P/2)-Vb' (t-P/2) 

Vb (t-P/2) -Vb(t-3P/2) (II) 

[0042] The third source of voltage supplies a 
potential target Vbc defined by the formula III below: 

Vbc(t) = Vb' (t) + nAVb(t) = Vb(t-P) + nAVb(t) (III) 

[0043] Finally, injection is carried out using a 

source of current supplying a current proportional to 
the difference between the potential target and the 
instant of injection and the internal potential current 
at the injection instant. This current Iinj at the 
instant t of injection is defined by the formula IV 
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below: 



Iinj(t) = A(Vbc(t) - Vb (t ) ) . Vclk (t) 



(IV) 



[0044] 



In this formula A is a predetermined 



coefficient of proportionality and Vclk is an external 
source of voltage common to all the transistors, having 
in the example described here, a period double that of 
the stimulation signal utilized, so as to effect 
injection of one pulse in two. It is thus seen that the 
injection current is determined such that after 
injection, the variation of the internal potential of 
the transistor in question reaches n times the measured 
variation of the internal potential. 
[0045] From a practical point of view, the 

operational simulation according to the invention can 
be effected by software simulation means/unit utilizing 
for example simulation software known as Eldo and 
marketed by Mentor Graphics. 

[0046] The value of n is determined from measuring 
the variation of the internal potential of a transistor 
of the cell during simulation over a period of the 
stimulation signal. The Eldo software then supplies 
this variation AVb. In addition, the estimated 
amplitude of the variation of the internal potential of 
an NMOS transistor or a PMOS transistor between its 
state of static equilibrium and its state dynamic 
equilibrium is known approximately. This amplitude is 
typically of the order of 100 millivolts for an NMOS 
transistor, and is less for a PMOS transistor. 
[0047] A maximum jump admissible for the internal 
potential is then fixed during an injection cycle, for 
example 10 millivolts for an NMOS transistor and 
5 millivolts for a PMOS transistor. The ratio of this 
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maximum jump on the variation of the internal potential 
measured on the first cycle supplies the value of the 
coefficient n. 

[0048] With respect to the proportionality factor A, 
this must be selected sufficiently high for the 
internal potential to reach the potential Vbc over the 
injection period. On the other hand, it must not be too 
high otherwise this will result in excessively fast 
injection, leading to problems of time discretisation 
at the simulator level. An injection which is carried 
out in a few picoseconds, which is far greater than the 
time pitch of the simulator and less than the duration 
of a plateau of the stimulation signal when the latter 
is for example that illustrated in Figure 7, will 
preferably be selected. 

[0049] The process coefficient A is also fixed from 
the operational simulation performed on the first 
cycle. Accordingly, apart from the variation AVb of the 
internal potential on this cycle, the simulation means 
also supply the charge variation AQb. The ratio between 
this charge variation and the variation of the internal 
potential supplies the equivalent capacity of the 
floating substrate of the transistor. The coefficient A 
is then supplied by the rapport between this equivalent 
capacity and the injection duration. 

[0050] Thus, with a stimulation signal such as that 
illustrated in Figures 7 and 8 (in Figure 8 Vin is the 
input voltage corresponding to the stimulation signal) 
and a clock signal Vclk such as that illustrated in 
Figure 8, it is observed in Figure 9 that an injection 
in a few picoseconds allows the current internal 
potential of the transistor Vb to rejoin the potential 
target Vbc during the period of injection. It will be 
noted in this example that the injection begins after 
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four cycles of the stimulation signal. 
[0051] Therefore, with an acceleration factor of 
1000 , the state of dynamic equilibrium can be achieved 
for a simple inverter in 3 minutes 15 seconds 
corresponding to 400 simulated pulses, corresponding to 
398,000 real pulses. By way of indication, an 
exhaustive classic method would have lead to the state 
of equilibrium on completion of 400,000 pulses in a 
period of 8 hours 40 minutes. 

[0052] The invention then allows the evolution of 
the internal potentials of the cell corresponding to 
the rising transitions of the stimulation signal to be 
determined. For this, the Eldo simulator will be used 
to calculate the values of the internal potentials just 
before a rising transition. This can also be done for 
falling transitions. In addition, the two initial 
values of the stimulation signal are determined. 
[0053] During simulation, the evolution of other 
parameters, such as the time delays or consumption, 
which are supplied by the Eldo software, can also be 
tracked. All these evolutions of these parameters allow 
the best case and/or the worst case for these 
parameters to be determined, in particular the worst 
cases or best cases of time delays. 
[0054] The invention also applies to 
characterization of the most complex cells. Thus, in 
the case of a NAND device with two inputs, whereas the 
state of dynamic equilibrium is not always achieved 
with classic simulation on completion of 400,000 pulses 
of the stimulation signal, the equivalent of 49 million 
pulses has been simulated with the acceleration process 
according to the present invention in less than three 
minutes, corresponding to 160 simulated pulses. 
[0055] The invention is not limited to the methods 
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and embodiments which have just been described 
hereinabove, but include all variants thereof- Thus, as 
illustrated in Figure 10, it is feasible to perform an 
injection at injection instants separated by a period 
of the stimulation signal. These injection instants 
could be in the second half of the low plateau of each 
period of the stimulation signal and the time interval 
TC for calculating the variation of the internal 
potential would then be between the beginning of a 
period of the stimulation signal and the first half of 
the low plateau. 



